[1] The strong influence of the winter North Atlantic Oscillation (NAO) on the total ozone column (TOC) in the Northern Hemisphere has been reported in a number of previous studies. In this study we show that this influence is not restricted to the winter season but is also significant in summer. Especially interesting effects of the summer NAO (SNAO) on the TOC are observed over the eastern Mediterranean region, where a strongly positive SNAO index is related to the creation of a geopotential height-negative anomaly over Greece with maximum amplitude at 200 hPa. Another anomaly was observed west of the Iberian Peninsula with similar effects on the TOC. Analyzing 26 years of Total Ozone Mapping Spectrometer (TOMS) and Ozone Monitoring Instrument (OMI) data from the equator to midlatitudes (60°) in the Northern Hemisphere, we demonstrate that the SNAO accounts for up to 30% of the TOC variability with a strong latitudinal and longitudinal dependence. Additionally, we obtain significant correlations between the NAO index and the thermal tropopause pressure and also with the geopotential heights at 200 and 500 hPa. Finally, some indirect connections between NAO and the TOC through teleconnections are also discussed.
Introduction
[2] Atmospheric ozone plays a crucial role in the protection of living organisms on Earth from solar ultraviolet radiation, responsible for a number of short-and mid-term negative biological effects. Several studies have demonstrated that the reduction of total ozone in the atmosphere has led to an increase of solar UVB irradiance in some regions [Kerr and McElroy, 1993] . On the other hand, direct and indirect interactions with the terrestrial climate system have been attributed to total ozone variations, as reviewed by Pyle et al. [2005] and Forster et al. [2011] . Recently, subtropical precipitation changes have been related to the depletion of polar ozone [Kang et al., 2011] , and some works point out the hypothesis that the recent increase in hurricane activity could be related to the observed stratospheric cooling that is due in part to ozone depletion, as suggested by Emanuel [2010] . Ozone concentration at a given location in the atmosphere depends on the balance among production, destruction, and transport processes. Photochemical and dynamical factors contribute differently to this balance depending on the latitude, altitude, and time scales, ranging from hours to decades, involved in these processes. Solar radiation also induces variations in the total ozone column (TOC) and the ozone vertical distribution from the modification of the photochemical production rates and changes in the lower stratospheric dynamics [Hood, 1997; Echer et al., 2001; Zerefos et al., 2001] . Since the early 1970s, the longterm evolution of the TOC has been driven mostly by the atmospheric concentration of ozone-depleting substances (ODSs) [World Meteorological Organization, 2011] . During the 1980s and mid-1990s, statistically significant negative trends, observed from satellite-and ground-based TOC measurements in the midlatitudes of both hemispheres, were particularly strong in winter and early spring [Stolarski et al., 1991; Bojkov et al., 1995] . The control of ODSs under the framework of the 1987 Montreal Protocol and subsequent revisions has slowed down their increasing trend. ODSs reached a maximum during the period 1992 -1994 [World Meteorological Organization, 2011 and have been decreasing since then. Some recent studies report on the effectiveness of the Montreal Protocol and already confirm an effective global increase in total ozone values [Weatherhead and Andersen, 2006; Mäder et al., 2010] . Supporting this point, several twodimensional (2-D) and three-dimensional (3-D) chemistryclimate models predict a decrease of ODS concentrations and a recovery of ozone levels [World Meteorological Organization, 2011] . On the other hand, because of the complex interactions among dynamical, chemical, and radiative factors controlling the evolution of the ozone layer, decreasing ODS concentration levels do not completely guarantee the recovery of the 1 column ozone [Intergovernmental Panel on Climate Change, 2005] . Therefore, in the current scenario, in which chemical factors are progressively losing weight, it is expected that radiative and dynamical factors will have more influence on the variability of short-, medium-, and long-range evolution of total ozone, especially over northern midlatitudes and the Arctic, where the ozone abundance is particularly sensitive to dynamical effects [Pyle et al., 2005] .
[3] As pointed out by Pyle et al. [2005] , the dynamical feedbacks from greenhouse-gas increases could either enhance or reduce ozone abundance in some regions; currently, not even the sign of the feedback is known. Some modeling studies indicate that improving the stratospheric representation in global climate models provides a better understanding of near-surface temperature variability [Dall'Amico et al., 2010] , strengthening the importance of achieving a more complete understanding of the stratosphere-troposphere coupled phenomena. On the other hand, global warming is expected to influence the behavior and geographical distribution of some climatic modes [Rind et al., 2005; Kawatani et al., 2011] , such as the quasi-biennial oscillation (QBO), the North Atlantic Oscillation (NAO), and the Arctic Oscillation (AO), which previous studies have related to the evolution of column ozone in a wide range of temporal and spatial scales [see, e.g., Tung and Yang, 1994; Appenzeller et al., 2000; Hadjinicolaou et al., 2002; Staehelin et al., 2002; Echer et al., 2004; Sitnov, 2004; Harris et al., 2008] . These climate patterns can affect ozone on a broad spectrum of time scales. Therefore, to determine the influence of ODSs on TOC trends, it is fundamental to consider the potential effect of the above mentioned climatic modes in different regions and seasons.
[4] TOC trends previously associated with ODS effects could have been overestimated or underestimated in some regions, as illustrated by Appenzeller et al. [2000] , who studied the Arosa (Switzerland) and Reykjavik (Iceland) TOC series, introducing the NAO index in a multiregression model. They found that the TOC trend associated with ODSs at Arosa was À2.4% per decade, instead of the previous value of À3.2% obtained omitting NAO information, and similarly that the TOC trend at Reykjavik was À3.8% per decade instead of the value obtained neglecting NAO, which was 0.0% [Appenzeller et al., 2000] . On average, they found that the dynamical contribution attributed to NAO effects to the long-term ozone winter trend at Arosa was approximately 25%. Similarly long-term changes in the tropopause altitude account for a similar value at Hohenpeissenberg (Germany), according to Steinbrecht et al. [1998] . Hood et al. [1999] attributed 25%-40% of the TOC variations in late winter to changes in Rossby wave breaking, in agreement with the 25% for Hohenpeissenberg (Germany) record in February estimated by Steinbrecht et al. [2001] . Knudsen and Andersen [2001] found similar rates (35%) during the April-May period. Moreover, recent work indicates pretty similar estimates for the dynamical contribution to TOC changes, providing rates of about 1/3 or higher [Harris et al., 2008; Hood and Soukharev, 2005; Rieder et al., 2010a Rieder et al., , 2011 World Meteorological Organization, 2007; Wohltmann et al., 2007] . In spite of that, the pioneering work of Orsolini and Doblas-Reyes [2003] showed that 65% of the TOC variability in spring could be explained by four climate patterns originating in the troposphere. Their results confirmed the dominant role of the NAO, but they also pointed out that other leading patterns (especially the European blocking pattern) should not be neglected over the Euro-Atlantic sector. In addition, the NAO signal is also clearly visible in the low-ozone episodes, more frequent in the high phase of the NAO [Orsolini and Limpasuvan, 2001] . However, Rieder et al. [2010b Rieder et al. [ , 2011 , analyzing TOC time series of various European long-term ground-based stations, highlighted that also moderate NAO events have a significant effect on the TOC. They also showed that the NAO signal is reflected in the ozone extremes without always being visible in the ozone mean values.
[5] Assessing the contribution of changes in atmospheric dynamics to long-term ozone trends is therefore of fundamental importance, particularly in a future scenario in which the effect of chemical factors may be limited as a result of the Montreal Protocol's effectiveness. In this context, we present a study whose main objective is examining the correlation between one of the most prominent climatic modes of the Northern Hemisphere, the North Atlantic Oscillation, and the total ozone column, focusing our attention on the summer season when the summer NAO (SNAO) is revealed as an important source of TOC variability. Additionally, we examine the zonal asymmetry in the NAO influence on the TOC, analyzing the dynamical processes that lead to this longitudedependent pattern and their influence on the observed regional TOC trends [Peters et al., 2008] . The analysis has been done in low latitudes and midlatitudes of the Northern Hemisphere with a 1.00°Â 1.25°latitude-longitude grid resolution, describing the spatial structure of the correlation field in both winter and summer and also calculating the correlation between NAO and thermal tropopause pressure and geopotential heights at 200 and 500 hPa.
The North Atlantic Oscillation (NAO)
[6] The NAO is widely recognized as the main synoptic mode of variability of atmospheric circulation over the North Atlantic [Hurrell et al., 2003] . At interannual scales, the NAO determines the climatic variability from the U.S. East Coast to Siberia and from the Arctic Ocean to the subtropical Atlantic [Hurrell et al., 2003] . The NAO index describes the oscillation of the atmospheric mass between the Azores high-pressure and Icelandic low-pressure systems, whose signal is clearly found in the geopotential height field at all tropospheric levels and also in the lower stratosphere. There is a close link between the surface pressure level variations, the NAO, and the tropopause height. In a high-pressure system the potential vorticity decreases with respect to the surrounding field, and there is an increase of the tropopause height, which implies a reduction of the stratospheric depth and generally a reduction of the total ozone as a consequence of the mass conservation. Contrary to this, in a low-pressure system the situation is the opposite: the tropopause level is lower and thus the total ozone column is higher. During the positive phase of the NAO in winter months, the tropopause pressure is high over high latitudes (above 60°N) and low over midlatitudes (30°N to 60°N) [Appenzeller et al., 2000] .
[7] On the other hand, the NAO is related to the intensity of the polar vortex, influencing the European climate and total ozone not only in summer but also in winter and spring, as reported in a number of previous studies [Appenzeller et al., 2000; Orsolini and Limpasuvan, 2001; Orsolini and DoblasReyes, 2003; Thompson and Wallace, 2000] . A positive phase of the NAO implies an intensification of the Icelandic low-pressure system that is associated with an increase toward the equator of the refraction of Rossby waves propagating vertically, thus reducing the number of waves that perturb the stratospheric jet [Ambaum and Hoskins, 2002] . The dipole that constitutes the NAO (pressure difference between the Azores anticyclone and the Icelandic low) moves substantially northward in summer, tilting to the west and decreasing in extension and intensity compared with the winter season.
[8] The role of the NAO for climate variability during the summer season has been traditionally masked by the much more intense effects in winter, as recognized in most related studies. However, recent research [e.g., Folland et al., 2009] indicates that during the summer months the NAO can also be an important factor influencing the variability patterns of precipitation, temperature, and cloudiness. Folland et al. [2009] define the summer NAO (SNAO) as the first principal component of the empirical orthogonal function (EOF) of the extratropical North Atlantic sea level pressure (SLP) during high summer (July-August). The configuration of the average geopotential height field during positive SNAO years induces an eastern circulation over the eastern Mediterranean and the creation of two relative low-pressure systems at 200 hPa located over Greece and western Portugal [Bladé et al., 2011] .
[9] To explore the potential influence of the SNAO on the TOC, in the following sections we study the spatial correlation patterns between the SNAO and the TOC. nerc.ac.uk__ATOM__dataent_TOMS). The data used were derived from TOMS version 8 and OMI-TOMS collection 3, both based on the same algorithm, to ensure continuity and homogeneity of the data series. TOMS data have a maximum uncertainty of 3% [Bhartia, 2002] . The years 1992 and 1993 have been excluded from the data series to eliminate the influence of the 1991 eruption of Mt. Pinatubo, which injected huge amounts of sulfur dioxide into the stratosphere [Daniel et al., 1995; Schoeberl et al., 1993] . From 1994 to 1996, the mission was not operative, so these years are not available either. Therefore the final data set considered in this study ranges from 1980 to 2009, excluding the 1992-1996 period (26 years). The spatial resolutions of the two data sets, OMI (1.00°Â 1.00°) and TOMS (1.25°Â 1.00°), are different, so OMI data have been interpolated to the original TOMS grid to homogenize the series.
Data and Methodology
[11] The NAO index used in this study corresponds to the principal component of the EOF of the monthly SLP over the North Atlantic, as described by Hurrell [1995] . NAO values derived in this way reproduce spatial patterns more clearly than those derived by simple differences between SLPs observed at two points [Hurrell and Deser, 2009; Hurrell et al., 2003] . The monthly mean NAO index was provided by the Climate Analysis Section website of the National Center for Atmospheric Research (NCAR) [Hurrell, 1995] .
[12] The geographical domain considered is the Northern Hemisphere latitudes below 60°. Satellite ozone retrievals at higher latitudes lack continuous measurements in wintertime, so correlation computations are not reliable.
[13] The linear correlation field between total ozone and NAO values has been computed at each grid point for extended winter (December-March) and high-summer (July-August) seasons in 1980-2009, excluding the period 1992-1996, as explained above. Linear correlation fields for June, July, August, and September have also been computed separately (see Figure A1 in Appendix A). Correlations have been calculated with a 95% significance level using a twosided nonparametric permutation test [see, e.g., Wilks, 2006] . Ozone data time series used in this analysis are not well described by a Gaussian distribution, so classical statistical methods are not appropriate, as Rieder et al. [2010a] have pointed out. Nonparametric permutation tests are more adequate in this context because no assumptions regarding an underlying parametric distribution for the data for the test statistic are necessary [Wilks, 2006] . Correlations that are 99% and 90% significant for winter and high-summer seasons, respectively, have also been calculated in order to provide sensitivity analyses (see Figures A2 and A3 in Appendix A). The p value contour maps for both seasons are given in Appendix A (see Figure A4 in Appendix A). Spatial correlation was neglected in the statistical analysis, since the test was performed on grid-cell basis.
[14] Additionally, seasonal correlations among the NAO index, the thermal tropopause pressure, and the geopotential heights at 200 and 500 hPa have been calculated. Monthly mean values of thermal tropopause pressures have been derived from the National Centers for Environmental Prediction (NCEP)-NCAR reanalysis [Kalnay et al., 1996] , and monthly average geopotential heights have been derived from the second reanalysis of the NCEP-U. S. Department of Energy (DOE), an enhanced version of the first reanalysis including satellite data and corrections of the parameterizations of physical processes [Kanamitsu et al., 2002] . Table 1 summarizes the temporal and spatial characteristics of the data sets employed in this study, as well as relevant references and online sources for data and documentation.
Results and Discussion

Winter NAO and TOC
[15] Figure 1 shows the linear correlation field between the NAO index and the TOC during the winter season (DecemberMarch); 95% significance level areas are shown with dots. Three zones between 40°and 60°are clearly anticorrelated. The first is over western Europe, where the NAO index accounts for up to 30% of the TOC seasonal variability. The second zone is over the eastern North American coast, where a similar negative correlation, though at a slightly lower latitude, can be found. The third zone is over northeast Asia, where the explained variance, computed as the squared linear correlation coefficient (r 2 ), reaches 60%. This high value perhaps could be attributed to a stronger polar vortex penetration to lower latitudes in these longitudes during positive NAO years, which implies the destruction of massive amounts of ozone through catalytic reactions and also an increase of the tropopause height [Ambaum and Hoskins, 2002] with the transfer of wave energy downstream toward Siberia that reinforces the surface anticyclone [Sung et al., 2011] .
[16] The spatial pattern of the correlation field between the NAO and the TOC presented over western Europe is similar to the correlation found by Appenzeller et al. [2000] between the NAO and the tropopause height. However, the TOC variability explained by the NAO is lower than would be expected from a simple direct relation among the NAO, tropopause height, and the TOC. This could be explained by the intensification of the meridional transport of ozone-rich tropical air toward midlatitudes, e.g., the Brewer-Dobson circulation [Salby and Callaghan, 2005] in years with a positive NAO, which could partly balance the effect of the increase of the tropopause height on the TOC over western Europe.
[17] With regard to positively correlated areas, the most remarkable feature is a local maximum centered over Central America. This could be related to positive phases of the NAO amplified to some degree by the presence of the El Niño-Southern Oscillation (ENSO) and its associated increment in convection and subsequent average decrease of the tropopause height. High-resolution simulations of coupled atmosphereocean models of the European Centre Hamburg Model (ECHAM /OPYC) [Latif, 2001; Timmermann et al., 1999; Wanner et al., 2001] suggest possible links between the ENSO and the NAO through the interaction between the ocean and the atmosphere supporting this hypothesis.
[18] In Appendix A, 99% and 90% significant correlation plots are shown. The hypothesis test performed at the 99% level reduces the extension of the significant correlated areas, as expected. Although most of the areas described above are still significant, positively correlated areas over Central America are no longer significant, showing that correlations obtained at 95% and 90% confidence levels must be interpreted carefully in this region.
[19] The results presented for winter indicate that the NAO variability can explain to a large extent the TOC behavior, through the interactions of tropopause pressure and the TOC and through the interaction between the NAO and the Arctic polar vortex. Further insight can be obtained by examining the correlation distribution between the NAO and tropopause pressure (Figure 2a ), which reproduces spatial features similar to those shown in Figure 1 , particularly for negatively correlated local minima, supporting a clear link among the NAO, tropopause pressure, and the TOC.
[20] The NAO signal can also be observed in correlation fields with geopotential heights, which again exhibit common features, as can be seen in Figure 1 and Figure 2a . The correlations between the NAO index and the geopotential heights at 200 and 500 hPa are shown in Figures 2b and 2c , respectively. Both correlation fields show approximately the three zones previously described, where the TOC was in opposite phase with the NAO; however, note that now the correlation is positive. The zones over Northeast Asia and western Europe are the most intense, this latter extending, with weaker correlation, to the east coast of North America. The observed spatial pattern over the western Europe and the Atlantic sectors is in agreement with general circulation model (GCM) simulations forced only by the sea surface temperature (SST) in January [Braesicke et al., 2003] .
Summer NAO and TOC
[21] Figure 3 shows the correlation between the SNAO in high-summer season (July-August) and the TOC (Figure 3a) and the correlation between the SNAO and the geopotential field at 200 hPa (Figure 3b ). Figure 3a The negative correlation areas of the SNAO on the TOC over Europe moves northward in comparison with winter months. Over southern Europe and the Mediterranean Sea, including the significant area over Greece, the correlation pattern shows a reversal from winter to high-summer seasons. This inverse behavior of the SNAO is also observed in other fields such as precipitation, in which positive SNAO values imply a rainfall increase over the Mediterranean region [Bladé et al., 2011] . The two positive correlation centers of SNAO-TOC over Greece and west of Portugal are associated with two relative geopotential lows centered at 250 hPa that are highly correlated with positive SNAO years. Figure 4 shows the composite geopotential anomalies fields of the years between 1979 and 2009 with a SNAO index plus one standard deviation above its long-term mean value (Figure 4a ) and minus one standard deviation below its long-term mean value (Figure 4b ) at 200 hPa in the European region. Long-term mean values were calculated using the 1949-2010 period. Figure 4a clearly shows a tripole pattern with negative geopotential anomalies over Greece and western Portugal and a positive geopotential anomaly at higher latitudes (45°N-60°N) . In Figure 4b the opposite pattern is shown. Deeper insight about these negative geopotential anomalies can be achieved by representing the height-latitude cross-section composite of the geopotential anomaly over Greece ( Figure 5 ). The geopotential anomaly extends from 600 to 200 hPa with its center located around 250 hPa.
[22] Another remarkable feature of Figure 3 is a maximum (positive correlation) over the southwestern United States. Folland et al. [2009] found a weak but significant correlation between the SNAO and the SST in the tropical Pacific. This suggests that the SNAO phase is to some extent influenced by and/or related to the ENSO phase. An increased convection would lead to a lower tropopause height and a higher TOC. Moreover, the tropical cyclone season is more active during positive phases of ENSO [Lander, 1994;  Emanuel, 2007; Corral et al., 2010] . The successive passage of deep depressions could lead to an average decrease of the tropopause height, thus increasing the TOC.
[23] Figure 3 also shows the statistically significant dipole pattern with a positive correlation center over the North Pacific Ocean and a negative correlation over northwest Canada. Complementary NCEP reanalysis data indicate that positive SNAO years are correlated with a negative geopotential height anomaly over the northeastern Pacific and with a positive anomaly over western Canada that are spatially coincident with the dipole pattern mentioned above (Figure 3b) .
[24] In the Appendix A the 99% and 90% significant correlations plots are shown. The hypothesis test performed at the 99% level reduces the extension of the significant correlations areas. Positive correlated areas over the southwestern United States and western Portugal are no longer significant. Anyway, we consider that the positive correlation over western Portugal is still consistent because the correlation coefficient value is between 0.4 and 0.6, and other analyses such as the anomalies plot (Figure 4 ) sustain the physical background for the existence of this correlation.
[25] Folland et al. [2009] showed that July and August SNAO indices are similar while that of June is substantially different from those in July and August. For this reason, they recommend using the high-summer definition of SNAO. We calculated the monthly SNAO-TOC correlation maps (June to September) to provide valuable insight into the seasonal TOC variability (see Figure A1 ). The SNAO-TOC correlation pattern explained above seems to be strengthened in July, and the picture clearly shows the two local positive correlations over Greece and western Portugal and extended positive correlation areas across the North Atlantic Ocean. In August, the two local positive correlations mentioned above are weaker than in July, and the dipole pattern mentioned above over the North Pacific Ocean and northern Canada is apparent.
Conclusions
[26] The correlation between the NAO and the TOC in the Northern Hemisphere has been studied for 26 years during the high-summer and winter seasons. The results indicate that the influence of the NAO on the TOC is fundamental to understanding the TOC interannual variability on a regional scale. This link is caused through troposphere-stratosphere interactions, in which the tropopause pressure plays a vital role. The NAO not only has an effect on the climatic conditions of the troposphere but also influences substantially the lower stratosphere. The variation caused on the thermal tropopause pressure is instrumental in controlling TOC values.
[27] In a global climate change scenario, the evolution of circulation patterns (e.g., the NAO) and other expected variations such as changes in the lower stratosphere temperature indicates a situation in which the understanding of the complex troposphere-stratosphere interactions is essential to forecasting the evolution of the TOC.
[28] In this context, our study reveals some important regional and seasonal features of the connection between the TOC and the NAO and especially the SNAO. During winter, TOC variability associated with the NAO is particularly important over northern Europe, the U.S. East Coast, and Canada, explaining up to 30% in TOC variance for this region. Further, the explained variance reaches up to 60% over Northeast Asia. One central finding of this study is the inverse relation over southern Europe between the winter NAO and summer NAO (SNAO) on TOC values. A positive SNAO produces a retrograde circulation over the eastern Mediterranean, favoring the generation of two relatively small low-pressure systems at 200 hPa over the central Mediterranean and west of the Iberian peninsula positively correlated with TOC values, as shown in this study.
Appendix A
[29] To provide a deeper insight into the variability of TOC-SNAO spatial patterns, monthly correlation plots for the extended summer season (June-September) are shown in Figure A1 . In order to strengthen the robustness of the correlations described in this paper, additional information is provided in Figures A2 and A3 , which show the 99%, 95%, and 90% significance level correlation plots, and in Figure A4 , which shows the p value plots.
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